Abstract Chemokine and opioid receptors are G-proteincoupled receptors that play important roles in both the central nervous system and the immune system. The longterm goal of our research is to establish whether opioids regulate the activity of the chemokine receptor CXCR4 (one of the major HIV co-receptors) in the brain. In this research, we studied the anatomical distribution of functional receptors in young and adult animals by using the [ 35 S]GTPγS "binding" assay as an indication of G-protein activation by CXCL12 (the natural CXCR4 ligand) or by μ-opioid agonists. Brain slices or homogenates from Holtzmann rats of different ages (from 2 to 21 days old and adult animals) were treated with CXCL12 (0.001-100 nM), D-ala2,MePhe4,gly-ol5]enkephalin (DAMGO; 0.0003-10 μM) or morphine (0.0003-10 μM) and then processed for the assay. Our results show stimulation of both μ-OR and CXCR4 in several brain areas, including cortex and hippocampus (p <0.001); this effect is dose and age dependent, and the magnitude of response varies among different brain regions. Furthermore, AMD3100 (100 ng/ml), a specific CXCR4 antagonist, abolished CXCL12 stimulation in all the brain regions analyzed (p<0.001). Our findings suggest a similar pattern of expression for μ-OR and CXCR4 in the brain, supporting the possibility of an interaction between the two G-protein-coupled receptors in vivo. This might be relevant to the role of opiates in HIV neuropathogenesis.
Introduction
Chemokines (chemotactic cytokines) and their seven transmembrane G-protein-coupled receptors (GPCRs) regulate important biological processes, such as cell migration, organogenesis, and establishment of functional microenvironment. Several studies have shown that both chemokines and chemokine receptors are expressed in the brain and are involved in intercellular communication under physiological and pathological conditions. For instance, chemokines regulate migration, proliferation, and differentiation of neural progenitor cells during development, as well as immune responses in neuroinflammatory disease states (Zou et al. 1998; Bacon and Harrison 2000; Belmadani et al. 2005) . The chemokine stromal cell-derived factor 1 (SDF-1α), recently renamed CXCL12, is one of the bestcharacterized chemokines in the central nervous system (CNS); CXCL12 and its specific receptor CXCR4 have been increasingly studied in recent years because of their critical roles in neuronal patterning and survival Tran and Miller 2003) . Both CXCL12 and its receptor are expressed from early embryonic ages through adulthood in different CNS regions, such as cerebral cortex, hippocampus, thalamus, cerebellum, brainstem, and spinal cord; their expression within these structures has been reported in neurons, astrocytes, endothelial cells, microglia, and meninges (van der Meer et al. 2000; Stumm et al. 2002; Berger et al. 2007 ). In vivo studies using either CXCR4-or CXCL12-deficient animals indicate that lack of CXCR4 or CXCL12 leads to serious abnormalities in the cardiovas-cular, gastrointestinal, immune, and nervous systems (Ma et al. 1998; Zou et al. 1998; Stumm et al. 2003) , and their role in these organs is still under intense investigation. Furthermore, CXCR4 also serves as one of the major coreceptor for HIV-1 (along with CCR5), and it is involved in HIV neuropathogenesis (Miller and Meucci 1999) .
A substantial proportion of the HIV-1-infected individuals are intravenous drug users, many of which abuse opiates (Donahoe and Vlahov 1998) . In many parts of the world, drug abuse and HIV-1 are interrelated epidemics, and AIDS is widely spread through injection drug use or drug-seeking behavior. It has been suggested that opiate abuse promotes HIV-1 infection and disease progression, exacerbating the pathogenesis and neurological complications of HIV-1 through direct actions in the CNS (Hauser et al. 2005) , and it is quite well established that opioids can modulate the immune system at different levels (Donahoe and Vlahov 1998; Bell et al. 2002) . HIV-1 induces a syndrome of cognitive and motor dysfunction that can affect about 30% of untreated patients and about 10-20% of patients treated with antiretroviral drugs. This syndrome, originally known as HIV-1-associated dementia (HAD) and more recently designated as minor cognitive motor disorder (MCMD), is caused by neuronal loss and dysfunction (i.e., loss of communication between neurons) in various regions of the brain, including the hippocampus, frontal cortex, and basal ganglia (Gonzalez-Scarano and Martin-Garcia 2005; Ellis et al. 2007) .
Recent data have shown a direct interaction of opioids and their receptors with the HIV co-receptors in immune cells, which is distinct from the general immunosuppressive actions of opioids (Hu et al. 2000; Szabo et al. 2003) . Furthermore, previous studies from our group indicate that crosstalk between chemokines and opioids also occur in the CNS (Patel et al. 2006) . Specifically, we found that longterm treatment of primary cortical cultures with μ-opioid agonists, such as D-ala2,MePhe4,gly-ol5]enkephalin (DAMGO), morphine, or the endogenous peptide endomorphin-1, inhibits the activation of neuronal survival pathways (i.e., ERK1/2 and AKT phosphorylation) by CXCL12-an effect that is not mediated by changes in CXCR4 levels on neuronal surface. Our studies also show that μ-OR and CXCR4 are co-expressed in cortical neurons, suggesting a possible interaction/crosstalk between the two receptors.
The present report represents an initial step toward the characterization of the interactions between these two receptors in vivo. Our next goal is to establish whether in vivo morphine treatment alters CXCR4 coupling to G proteins. This would validate our previous studies in cultured neurons (Patel et al. 2006) , and test the clinical relevance of a potential interaction between CXCR4 and opioid ligands in HIV-positive drug users. To this end, in this study, we have used the [ 35 S]GTPγS assay to measure levels of G-protein activation after stimulation of CXCR4 and opioid receptors; the advantage of this assay is that it measures a functional consequence of receptor occupancy at one of the earliest receptor-mediated events. Combining the [
35 S]GTPγS incorporation assay with autoradiography allows G protein activation by specific receptors to be anatomically defined and quantified (Sim et al. 1995) . Using this technique, we were able to study the functional localization of opioid receptors and CXCR4 in different rat brain areas. We have been focusing on the cerebral cortex and hippocampus formation, where the presence of μ-OR and CXCR4 has been previously reported (Mansour et al. 1987; Sharif and Hughes 1989; Banisadr et al. 2002 Banisadr et al. , 2003 , as these areas are affected in HIV neuropathology. Other studies from different groups previously investigated the brain regional specificity of opioid activation of G proteins using [ 35 S]GTPγS autoradiography and showed that the μ-selective peptide DAMGO acts as a full agonist, whereas morphine is a high-efficacy partial agonist (Sim et al. 1995 (Sim et al. , 1996 Maher et al. 2000; Talbot et al. 2005) . We examined the brain regional distribution of G protein activation by CXCL12 and compared it to the action of DAMGO or morphine. AMD3100 (100 ng/ml), a specific and wellcharacterized CXCR4 antagonist, was used to determine the role of CXCR4 in these experiments. Both [ 35 S]GTPγS autoradiography (brain slices) and incorporation (brain homogenates) were used to test the effect of these compounds in rats of different ages to identify potential age-related differences.
Materials and methods
Animals All animals were treated according to protocols approved by the Drexel University Animal Research Committee. Tissues were obtained from Holtzmann rats of the indicated ages, i.e., postnatal day 2 (P2) to 21 (P21) and adult female animals (2 or more months old); immediately following sacrifice, the brain was rapidly removed and quickly frozen using liquid nitrogen and stored at −80°C. For the studies on homogenized tissue, brain was removed, and cortex/hippocampus was dissected on ice, frozen on dry ice, and stored at −80°C until used to prepare membrane fractions.
[
S]GTPγS binding in brain homogenates
The effect of μ-opioid receptors or CXCR4 activation in cortex or hippocampus was determined using the μ-agonists DAMGO (0.0003-10 μM) or morphine (0.0003-10 μM) and using CXCL12 (0.001-100 nM). Briefly, animals were killed, the brain removed, and the cortex and/or hippocampus immediately dissected and frozen at −80°C. The following day, the tissue was weighed and homogenized with a Brinkmann Polytron for 10 s in 10 volumes (w/v) of ice-cold 50-mM Tris-HCl buffer (pH 7.4). The suspension was centrifuged (40,000×g at 4°C for 20 min), and the pellet was resuspended in 50 volumes (w/v) of ice-cold 50-mM Tris-HCl buffer (pH 7.4). The suspension was recentrifuged (40,000×g at 4°C for 20 min), and the resulting pellet was resuspended in 50 mM Tris-HCl, pH 7.4 at room temperature, to give a final concentration of 0.5-1 mg original tissue per milliliter. The [ 35 S]GTPγS binding was determined by incubating washed membranes for 45-60 min at 30°C in a total volume of 1 ml of 50 mM Tris buffer, containing 100 mM NaCl, 0.2 mM ethylene glycol bis(2-aminoethyl ether)-N,N,N′N′-tetraacetic acid (EGTA), 3 mM MgSO4, 30 μM guanosine diphosphate (GDP), with or without the indicated drugs. Non-specific binding was defined by the addition of excess unlabeled GTPγS (10 μM, final concentration). Assays were performed in triplicate or quadruplicate. The reaction was terminated by rapid filtration through Whatman GF/B filters, using a Brandel Cell Harvester (Brandel, Gaithersburg, MD); the filters were washed (3×5 ml) with ice-cold 20-mM Tris-HCl buffer (pH 7.4) and radioactivity retained on the filters counted by liquid scintillation spectrophotometry.
In situ [
35 S]GTPγS autoradiography The procedure for [ 35 S]GTPγS autoradiography was based on established methods (e.g., Sim et al. 1996) . Twenty-micron, frozen coronal sections were cut throughout the hippocampus using a Leica cryostat (model CM3050, Deerfield, IL, USA) and thaw-mounted onto slides subbed with chrome alum. Slides were preincubated for 40 min in assay buffer (in millimolar: Tris-HCl, 50; MgCl 2 , 4; EGTA, 0.3; NaCl, 100; pH 7.4) at 25°C followed by a 20-min incubation in 2-mM GDP in assay buffer for 20 min at 25°C. Sections were then incubated in slide mailers for 2 h at 25°C in assay buffer containing both [
35 S]GTPγS (0.04 nM, 1,250 Ci/mmol; Perkin Elmer, Boston, MA, USA) and 2 mM GDP (Sigma-Aldrich, St. Louis, MO, USA). Each mailer contained either vehicle (basal condition) or 10 μM DAMGO (Bachem Bioscience, King of Prussia, PA, USA), 10 μM morphine sulfate (Sigma-Aldrich, St. Louis, MO, USA), 50 nM CXCL12 (R&S System, Minneapolis, MN), 100 ng/ml AMD3100 (Sigma-Aldrich, St. Louis, MO, USA), or 100 ng/ml AMD3100 (pre-treatment of 15 min) plus 50 nM CXCL12. Unlabeled GTPγS (10 μM, MP ICN Biomedicals, Irvine, CA, USA) was used to determine nonspecific binding. Furthermore, 1 μM DPCPX (Tocris Bioscience, Ellisville, MO, USA), which blocks the activation of adenosine A 1 receptors, was added to each experimental group to reduce basal binding and improve signal-to-noise ratio, as previously reported (Happe et al. 2001) .
After incubation, slides were rinsed twice for 2 min each in cold (4°C) 50-mM Tris-HCl buffer, pH 7.4, rinsed briefly in cold deionized water, dried immediately with a cool stream of air, and desiccated overnight. Slides were apposed to Kodak Biomax MS film (Eastman Kodak Company, Rochester, NY, USA) for 24-48 h. Images from the developed films were scanned and quantified using Image Pro-Plus\ version 4.5 software (MediaCybernetics; Newburyport, MA, USA). We determined the densities of [ 35 S]GTPγS incorporated into three regions of the hippocampus (CA1, CA2, and CA3) and two of the cortex area (medial and lateral cortex) in each 20-μm section from each rat. For each region, both the right and left sides of the brain were analyzed. Measures of binding, therefore, represent a duplicate determination for each brain region (expressed as averaged values); the n value in each figure refers to the number of animals analyzed. Optical density (OD) values (including non-specific binding) were corrected for background of the film, but not for the different path lengths of isotopic emissions from 35 S (tissue sections) and 14 C (standards). Each anatomical set of sections per rat contained alternating sections for the non-specific, basal, DAMGO-stimulated, CXCL12-stimulated, morphine-stimulated, AMD3100-stimulated, and AMD3100/CXCL12-stimulated conditions through the brain. Non-specific binding was subtracted from each condition.
Statistical analysis Actual values and conversion to percent stimulation of basal incorporation of [
35 S]GTPγS were analyzed by analysis of variance (ANOVA). The Student's Newman-Keuls as well as the Dunnet's test were used for post hoc comparisons of means. An alpha level of p<0.05 was the threshold for statistical significance for all tests (GraphPad PRISM 4.03).
Results
We first determined whether CXCL12 stimulates [ 35 S]GTPγS binding in the cortex of newborn (P2-P7) and adult (2-to 3-month-old) rats and compared the chemokine-induced responses to DAMGO-induced stimulation. Brain tissue homogenates were used for these studies and incubated with 1 μM DAMGO or CXCL12 (0.01-100 nM). As expected, DAMGO increased GTPγS incorporation by approximately 30-40% in both adult-and pup-derived tissue (Table 1) . However, CXCL12 responses were observed only in the young animals ( Fig. 1a and b) . GTPγS incorporation in pupderived cortical membranes was dose-dependent, reaching the maximum stimulation at 1 nM (Fig. 1a) .
To determine whether the lack of CXCL12-induced response in adult animals was restricted to the cortex, we also studied the effect of the chemokine in the hippocampus, an area expressing high levels of CXCR4 (Lavi et al. 1997) . Tissue homogenates (0.5 mg/ml) were exposed to various concentrations of CXCL12 (0.01-100 nM); for comparison, DAMGO-and morphine-induced responses (0.0003-10 μM) were also monitored. In analogy to the previous findings, these experiments showed that CXCL12 failed to stimulate GTPγS binding to G proteins in the adult hippocampus (Fig. 1c) .
Next, we studied the regional distributions of G-protein activation induced by CXCL12, using GTPγS autoradiography. Coronal sections from rats' brain at different ages were processed for [
35 S]GTPγS binding followed by quantitative analysis (Fig. 2) . The concentration of CXCL12 in these studies was 50 nM, as preliminary experiments showed that CXCL12 concentrations higher than 10 nM were necessary to obtain maximum stimulation of the binding of [
35 S]GTPγS in the different areas of rat brain, as also noted by others (Albrecht et al. 1998) . DAMGO (10 μM) was used as a positive control of μ-OR activation. The affinity of the peptide for μ-OR is three orders of magnitude higher than for δ-OR (Toll et al. 1998; Zhao et al. 2003) , and it has been shown that DAMGO at concentrations up to 10 μM produces no measurable [
35 S] GTPγS binding in cells expressing only δ-OR (Toll et al. 1998; Alt et al. 2002) . The data show that, similarly to the homogenized tissue, CXCL12 stimulates [
35 S]GTPγS binding in brain sections of newborn rats (P4-P7), but it had no effect in the adult brain, as shown in Fig. 2 . In agreement with previous studies, DAMGO and morphine stimulated GTPγS binding in all the areas we studied, both in young and adult animals, although their effect was more pronounced in younger animals (Fig. 2) .
We then sought to establish more precisely the age at which the CXCR4 response disappears. Therefore, we measured the CXCL12-stimulated GTPγS binding in the brain of P8-P14 rats. As for the previous experiments, tissue slices were incubated with 50 nM CXCL12, 10 μM morphine, or 10 μM DAMGO. During the second week of postnatal life, the stimulation induced by CXCL12 was reduced compared to the first postnatal week, but was still significantly higher than basal level (Fig. 3a) . The effect of CXCL12 is the result of the activation of CXCR4, as indicated by experiments with AMD3100, a specific and potent CXCR4 antagonist. Indeed, CXCL12-induced GTPγS binding was almost completely inhibited by preincubation of the tissue slices with AMD3100 (100 ng/ml) in all the areas (Fig. 3b) . Finally, we studied the [
35 S]GTPγS incorporation in the brain of the rats in their third postnatal week (P15-P21). As previously, brain sections were incubated with 50 nM CXCL12, 10 μM morphine, or 10 μM DAMGO for the indicated time. We found that CXCR4-induced GTPγS binding was drastically reduced in these animals compared to the first week of life; CXCL12 stimulation gradually decreased and became statistically different compared to DAMGO or morphine (Fig. 4) . The effect of the chemokine was completely lost at P21 (data not shown).
Discussion
The primary goal of this study was to determine whether CXCR4 and μOR are co-expressed and functionally coupled to G proteins in specific regions of the rat brain, as this would suggest that the two receptors can potentially interact in vivo. This information is necessary to direct our future set of experiments that aim to determine whether in vivo morphine treatment can inhibit CXCR4 function by altering its coupling to G proteins.
The data presented in this paper show that functional CXCR4 and μOR can be studied in the brain of animals younger than 3 weeks, using the GTPγS binding assay. During this period of time the functional expression of the opioid and chemokine receptor seems to overlap. Areas of higher stimulation are the medial and lateral cortex, and the hippocampus; other stimulated regions include the amygdala and basal ganglia (not shown). Responses to CXCL12 and the μOR agonists gradually decrease as the animals mature, which-at least, in the case of CXCR4-can be explained by the reduced expression of this receptor in the differentiated rat brain (Tissir et al. 2004; Berger et al. 2007 ). However, a higher basal level of G protein activation could be responsible for the diminished agonist response observed in the adult brain. Other experimental approaches S]GTPγS incorporation in brain homogenates from pups and adult rats. Brain cortices of P2-P7 pups (a) or adult animals (b) were exposed to CXCL12 or DAMGO as indicated. Graphs represent the mean ratio of agonist-stimulated GTP binding over basal (n=3) ± SEM. *p<0.01 and **p<0.05 versus basal; Dunnett's multiple comparison test after ANOVA. The bottom panel (c) shows data from adult hippocampus homogenates treated with different concentrations of CXCL12. DAMGO or morphine was used as positive controls (inset), as no response to CXCL12 was observed. p<0.01, morphine 1, 0.1, 0.001 μM versus basal; p<0.05, morphine 0.3, 0.03, 0.003 μM versus basal; p<0.05, DAMGO 10 and 1 μM versus basal; Dunnett's multiple comparison test after ANOVA might be more appropriate for studying the CXCR4-μOR interaction in adult animals. For instance, the antibodycapture GTPγS assay (Milligan 2003) could represent a more sensitive alternative to the traditional assay used in the present study. Although understanding the reason(s) of such reduction is interesting, it is not within the immediate scope of our study as the younger animals would be more suitable for our in vivo experiments-due to the wellcharacterized role of CXCR4 in the developing brain (Ma et al. 1998; Zou et al. 1998 ) as opposed to the adult brain. Our results are in agreement with findings from other investigators, such as those from Berger et al. (2007) , who reported that the adult pattern of CXCR4 is established at 4 weeks in mice. Similarly, Tissir et al. (2004) CXCR4 expression decreases from day P0 to P21. However, it is important to note that expression of both CXCR4 and its ligand have been demonstrated in adult brain in various species, including rodents and human (Stumm et al. 2002; Tran et al. 2004) . Recent neuroanatomical and functional studies in rats have demonstrated a role of the CXCL12/CXCR4 system in regulation of neuroendocrine functions in the adult brain (Banisadr et al. 2002 (Banisadr et al. , 2003 Callewaere et al. 2006) .
The data reported in this paper indicate that, in the pups, CXCL12, morphine, and DAMGO stimulation are comparable both in terms of regional distribution and maximal responses. Moreover, GTPγS incorporation was generally higher in the lateral cortex, independent of the agonist. The experiments with AMD3100 show that the CXCL12-induced response is exclusively mediated by CXCR4. This is an important piece of evidence as recent studies have identified a novel receptor for CXCL12 (CXCR7), whose GTPγ S incorporation (% basal) Fig. 4 Effect of CXCL12 and μ-opioids agonists on [
35 S]GTPγS binding in P15-P21 rat brain slices. Brains of 15-to 21-day-old pups were used in this study. Analysis was performed in different brain areas as indicated previously. Data are expressed as mean ± SEM of n=3 animals per group (basal vs CXCL12, 50 nM, p<0.001; basal vs morphine, 10 μM; basal vs DAMGO, 10 μM, p<0.001; CXCL12 vs morphine, 10 μM; CXCL12 vs DAMGO, 10 μM, p<0.001, for each area reported in graph. Newman-Keuls multiple comparison test after ANOVA) expression in the CNS is still unclear (Balabanian et al. 2005; Burns et al. 2006) , whereas a cleavage product of the chemokine can activate CCR3 (Vergote et al. 2006 ).
In conclusion, this study represents an initial step toward the in vivo characterization of the interaction between chemokine and opioid receptors, namely CXCR4 and μOR, in the brain, which could provide useful information about the mechanisms implicated in the alteration of chemokine receptor function in HIV + drug users. Based on our previous studies with cultured neurons, we hypothesized that opioids may affect CXCR4 activation at a very early stage, such as the coupling of the receptor to the G protein.
Preliminary experiments in our laboratory suggest that this might be the case in vivo, as CXCL12-induced GTPγS binding was inhibited by in vivo morphine treatment (Burbassi and Meucci, unpublished) . For these experiments, animals were treated with morphine (20 mg/kg, single injection, s.c.), killed after 6 h and processed for in vitro assay with CXCL12 as indicated previously. This also suggests that opioids may act as physiological regulator of CXCR4 function independently of CXCR4 expression. Thus, one could speculate that opiates may physiologically inhibit CXCR4 activity in the adult brain and/or that drug abuse may impair chemokine function and contribute to neuronal injury.
